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Abstract 
The Royal Navy operates a fleet of complex modern warships and submarines each comprising a system of systems often in harsh and 
potentially volatile environments.  The maintenance of surface vessels is primarily undertaken by Babcock and BAe Systems in an alliance 
with the Ministry of Defence.  The Ministry of Defence system engineering lifecycle is known as CADMID, this details the six phases of a 
projects’ lifecycle from Concept through to Disposal.  The “In-Service” phase of a naval vessel will typically constitute 70% of the artefact’s 
through-life cost.  During the “In-Service” phase the number and involvement of stakeholders will vary as the vessel cycles through Tasking, 
Upkeep and Regeneration.  The paper considers the key stakeholders and their participation in each cyclical mode.  Information to be exploited 
will be subject to two discrete drivers, firstly the information available for exploitation as a consequence the vessels’ current cyclical mode, 
secondly, the characteristics of the information source..  
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1. Introduction 
A modern warship / submarine will contain in excess of 
100 integrated systems which are linked structurally, 
mechanically, electrically, hydraulically, pneumatically and 
electronically [1]; thus a warship / submarine may be viewed 
as a system of systems. Maintaining and enhancing the 
capability of modern warships and submarines is a strategic 
function undertaken by organisations working in partnership 
with the Royal Navy (RN) capable of providing “ultra-reliable 
engineering excellence”. The maintenance of warships and 
submarines often necessitates the exploitation of vast 
quantities of information, Kane and Alavi define 
“exploitation” as “incremental learning focused on diffusion, 
refinement, and reuse of existing knowledge” [2], indeed, 
often what is learnt is an incremental enhancement of 
knowledge already gained. However, caution is fundamental 
when endeavouring to exploit information since it may exhibit 
some or all of the following [3]: 
 
x Fuzziness: lack of detail 
x Incompleteness: that which we do not know or leave out 
x Randomness: lack of pattern 
 
The approach of this paper is as follows.  After outlining 
the background of the marine defence environment within the 
United Kingdom (UK) it explores the systems engineering 
methodologies applied to the domain followed by a review of 
“objective” and “subjective” information sources.  The “In-
Service” stakeholders are reviewed together with their 
association with the cyclical operational modes of surface 
ships and this is followed by exploration of the information 
available for exploitation and the associated characteristics of 
this information.  The paper concludes with a discussion, 
further research and conclusion. 
The paper presents a position statement, taken from the 
experience of naval and Babcock personnel within the surface 
ship domain; the purpose is to identify stakeholders, 
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information sources and associated characteristics currently 
available and exploited. 
2. Background 
The RN fleet comprises approximately 95 vessels [4] 
varying in size and complexity, however, “taking the number 
of frigates and destroyers as an indicator, the RN is one 
quarter of the size it was in 1980” [5].  None-the-less, 
operational commitments remain high, with on-going 
operations in the Arabian Gulf, Indian Ocean and the South 
Atlantic in addition to providing the UK’s continuous nuclear 
deterrence.  The surface fleet is supported by a Surface Ship 
Support Alliance (SSSA), formed between Babcock, BAe 
Systems (BAe) and the Ministry of Defence (MOD) creating a 
Class Output Management (COM) organisation to maintain 
surface ships, based upon the premise of “contracting for 
availability” [6]. 
Naval vessels, i.e. surface ships and submarines, are data 
rich environments containing and creating large volumes of 
electronic and paper records, e.g. Operational Defects 
(OpDef), Marine Engineering Defect logs, etc. Each data 
source is often designed to satisfy a singular requirement 
within a singular cyclical mode; the consequence being the 
risk of data duplication and potentially a failure to record data 
that may be pertinent to exploiting the vessels’ / system 
material state.   
In addition to the numerous data sources local management 
will often vary, e.g. some vessels may record all defects in the 
maintenance management system, i.e. Unit Maintenance 
Management System (UMMS), whereas other vessels may 
only transpose into UMMS the most persistent defects as 
logged in the engineering logs 
3. Literature Review 
The International Council on Systems Engineering 
(INCOSE) defines a system as, “an integrated set of elements, 
subsystems, or assemblies that accomplish a defined 
objective” [7].  Naval vessels are complex and may be viewed 
as a system of systems, i.e. interrelated systems with emergent 
properties. 
A variety of systems engineering standards exist (Table 1); 
the variation in definition and application of each standard 
reflects “the nature, purpose, use and prevailing circumstances 
of the system” [8].   
 Table 1. Systems Engineering Standards. 
Standard (Year) Description 
ANSI/EIA-632 (1999)  Processes for Engineering a System 
IEEE-1220 (1998)  Application and Management of the Systems 
Engineering Process 
ISO 15288 (2008) Systems and software engineering - System 
life cycle processes 
CMMI® (2002)  Capability Maturity Model® IntegrationSM 
(CMMI®) 
MIL-STD-499C 
(2005)  
Systems Engineering 
 
The acquisition and support of RN vessels by the MOD is 
defined by the “Acquisitions Operating Framework” [9].  The 
development and acquisition of “equipment capability” 
follows CADMID, similar in principle to ISO 15288, i.e. 
“Systems Engineering - System Life Cycle Processes” [10].  
The MOD framework comprises 6 discrete stages (Figure 1). 
 
 
 
Figure 1. CADMID Lifecycle 
The 6 stages are Concept, Assessment, Demonstration, 
Manufacture, In-Service and Disposal; thus a project / artefact 
should experience a linear progression through each stage of 
the lifecycle. 
The In-Service phase of an RN vessel may be considerable, 
e.g. HMS Cornwall (Type 22 Frigate) was In-Service for 
more than 23 years.  In order to sustain the capability of a 
naval vessel and extend its life, numerous Upkeep periods are 
undertaken which include capability upgrades, e.g. HMS 
Somerset experienced “enhancements to the ship’s Seawolf 
missile system, installation of an advanced electronic 
communications system,...” [11]. 
Given the duration of the In-Service phase, the evolving 
operational threat and physical environment; timely effective 
maintenance together with prompt rectification of unexpected 
defects and system failure is essential to maintain the requisite 
level of capability and availability.  Each Upkeep period will 
constitute a discrete CADMID lifecycle (Figure 2). 
 
 
 
 
 
 
 
 
Figure 2. Capability Enhancement Lifecycle 
The “Systems Engineering Handbook” [12] states a key 
benefit of systems engineering as “Ensuring stakeholder 
satisfaction on delivery”.  Indeed, failure to “effectively 
engage” with stakeholders is identified as a common cause for 
project failure [13].  Within the maritime defence 
environment engaging with and ensuring stakeholder 
satisfaction is the function of the “service provider” 
organisation, i.e. the COM, to the extent the customer (RN) is 
embedded within the structure. 
The process model detailed in “A process view of 
maintenance and its stakeholders” [14] identifies 4 key stages, 
i.e. Maintenance Planning, Maintenance Execution, 
Functional Testing and Feedback.  In addition to a definitive 
functional requirement, Soderholm asserts “Other inputs are 
maintenance documentation, such as maintenance objectives, 
strategies, and policies, which all should be based on 
stakeholder requirements” [14].  The “objectives, strategies, 
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and policies” are essential to engender “customer” confidence 
with respect to the quality management process. 
Stakeholders will often iterate the term “material state”, 
however, an agreed and definitive definition is often more 
difficult to deduce.  Giurgiutiu defines it as to “…characterize 
the material state by identifying critical features that show 
changes with respect to a reference state…” [15]. This would 
necessitate identifying the “critical features” and setting 
parameters beyond which degradation in performance or 
failure could be anticipated.  In a complex system, the 
“critical features” are likely to be installation specific as a 
result of interconnectivity and emergent properties. 
A holistic assessment of the “material state” for a complex 
system is often not a binary value, e.g., available / 
unavailable; a complex system may be “available” but its 
efficiency / performance may be degraded or its ability to 
sustain further failure may be compromised.  Information 
indicating the “material state” may be “objective” or 
“subjective”, i.e. “existing in the mind or belonging to the 
thinking subject rather than to the object of thought” [3].  
Information may be perceived as existing along a continuum 
of “subjective” / “objective”; indeed, “as we pass from 
assumption to assumption along the subjective-objective 
continuum, the nature of what constitutes adequate knowledge 
changes” [16].  In this regard the “objective” / “subjective” 
content of each information source will vary (Figure 3) and 
provide a particular point perspective of the “material state”, 
e.g. 
 
 
 
 Subjective Subjective / Objective Objective 
 
Information 
sources 
Operational 
Defect 
S2022 Defect 
report 
Metallurgy 
reports 
Ships log FLUBCON 
Material State 
Portfolio 
Test & trials 
reports 
Finance reports 
Figure 3. “Subjective” / “Objective” continuum 
Note: FLUBCON - Fuel and lubrication report 
 
Information sources categorised as “subjective” will 
typically contain qualitative data, images, audio, … requiring 
interpretation, clarification. The information may contain a 
limited volume of quantitative data, e.g. engine running hours.  
“Objective” information sources will primarily be 
quantitative data, e.g. inlet / exhaust temperature. The source 
may contain a limited volume of qualitative data. 
A balance (Figure 4) of “subjective” and “objective” 
information should provide the optimum perspective of a 
“material state”.  
The optimum balance of “subjective” and “objective” 
information will be dependent upon the information source(s) 
available, stakeholder requirement and the vessels mode, i.e. 
Tasking, Regeneration or Upkeep (see below). 
 
 
 
 
Figure 4. The Balance of “objective” and “subjective” information 
Within the “In-Service” phase, numerous “subjective” and 
“objective” information sources are available for stakeholder 
exploitation, e.g.  
 
x Subjective:  Functional description, system inter-
connectivity, modifications, concessions 
x Objective:  Operating performance criteria, e.g. 
temperature, pressure, mechanical load, electrical current, 
voltage, 
 
Stakeholders will often exploit information sourced from 
previous CADMID phases, e.g. Manufacture, for which 
information sources include: 
 
x Subjective:  Requirements specification 
x Objective:  Material used, dimensions, tolerances, test 
specifications. 
 
Minimising “subjective” interpretation / analysis by 
exploiting the information available in a consistent manner 
should provide stakeholders with the most “objective” 
perspective of the information available. 
4. “In-Service” Stakeholders 
“A stakeholder is any entity (individual or organization) 
with a legitimate interest in the system” [7]; within the surface 
ship maritime defence domain the two key stakeholders are 
the RN i.e. “customer”, and the COM, i.e. “service provider”.  
Further analysis identifies a considerable number of 
stakeholders (Figure 5) with “an interest” in the vessel, i.e. 
operating, assessing, maintaining or validating its material 
state, 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Key stakeholders involved during the “In-Service” phase of RN 
surface ships 
“Subjective / Objective” Continuum 
“objective” information providing the 
requisite quantitative data 
“subjective” information providing 
qualitative richness 
Surface 
ship 
DE&S 
 
COM 
Ship 
Staff 
MCTA 
FOST 
Babcock 
BAe 
Sub-
Contractors 
FWO 
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A review of the “stakeholders’ needs” reveals the 
following: 
 
x Babcock: service provider and member of the SSSA, 
responsible for maintaining surface ships and submarines 
x BAe: service provider and member of the SSSA, 
responsible for maintaining surface ships  
x COM: organisation charged with maintaining surface 
ships, based upon the premise of “contracting for 
availability”. 
x DE&S: MOD’s Defence Equipment and Support 
organisation, design authority and responsible for the 
purchase and support of all equipment and services of the 
RN 
x FOST (RN): Flag Officer Sea Training, responsible for 
training and maintaining standards including whole-ship 
training ready for operations 
x FWO (RN): Fleet Waterfront Organisation, support the 
vessel and assists in compiling work packages, 
x MCTA (RN): Maritime, Capability, Trials and 
Assessment, responsible for performing dynamic trials and 
assessment of propulsion and auxiliary systems, ensuring 
engineering systems have met the requisite standard 
x Ship Staff (RN): ships complement; responsible for 
maintaining and operating the vessel 
x Subcontractors: numerous subcontractors providing 
services to Babcock and BAe in support of maintenance 
and assessment activities, e.g. Lloyds Register 
 
The stakeholders’ role of operating, assessing, maintaining 
or validating the material state exists within the cyclical mode 
of the vessel, i.e. Tasking, Upkeep and Regeneration (see 
below). 
5. Surface Ship “In-Service” Modes 
As stated, the development and support of a warship will 
adhere to the CADMID lifecycle. During the “In-Service” 
phase a surface ship may be perceived as cycling through 3 
discrete modes (Figure 6), i.e. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. “In-Service” Cyclical Mode 
Note: 
x Tasking: the period a vessel is under Naval Command HQ 
Scheduling Authority and thus available / undertaking 
operational tasking, referred to as “Fleet Time”. 
x Upkeep: a non “Fleet Time” vessel undertaking “deep” 
maintenance, typically including docking periods 
x Regeneration: the timely activation, in full or in part, of 
existing force structures and infrastructure, including the 
restoration of manning, equipment and stocks to designated 
levels [17] 
 
The cycle of Tasking, Upkeep and Regeneration will be 
repeated throughout the life of the artefact; as intimated 
above, this may be significant, e.g. HMS Portland (Type 23 
Frigate) ~ 34 years (planned). 
It should also be noted the Tasking mode may be perceived 
as containing 3 discrete conditional “subsets” (Figure 7), i.e. 
Fight, Move and Float.   
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Tasking conditional “subsets” 
Each subset correlates to a functional decomposition of a 
vessels’ capability, e.g. 
 
x Fight: operation of offensive / defensive weapons and 
sensors 
x Move: capable of self propulsion and maneuver 
x Float: vessel able to remain afloat. 
 
The information required, available and exploited within 
each mode clearly reflects the needs of the stakeholders and 
the demands of the vessel whilst in / out of “Fleet Time”; 
other factors may include the current / planned operational 
role, readiness state, shore support. In this regards, 
stakeholders will exploit information from each cyclical 
mode, however, the primary association for each stakeholder 
will typically be as shown in Table 2. 
Stakeholders apply and experience distinct “drivers” with 
respect to “the required characteristics and context of use of 
services” [10]. Whereby the “customer” is requiring / 
demanding “the most operational capable vessel possible”; the 
“service provider” is endeavouring to satisfy the customer’s 
key requirement but within the constraints of a formal 
contract.  The management of the interface between the 
“customer” and the “service provider” is undertaken by the 
COM, an organisation containing both “customer” and 
“service provider”. 
 
Manufacture 
In-Service 
Disposal 
Tasking 
Regeneration 
Upkeep 
Tasking 
Fight 
Move 
Float 
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Table 2. “In-Service” Stakeholders and cyclical mode association 
 Mode 
Stakeholder Tasking Upkeep Regeneration 
Babcock  ● ● 
BAe  ● ● 
COM  ● ● 
DE&S ● ● ● 
FOST ●  ● 
FWO  ● ● 
MCTA ●  ● 
Ship Staff ● ● ● 
Subcontractors  ● ● 
 
6.  “In-Service” Phase Information Sources 
A considerable variety of information sources exist, 
however, the primacy of each (engineering) information 
source will vary with respect to the current cyclical mode, 
thus the key sources in each mode available for exploitation 
will encompass: 
 
Tasking 
x Engineering Logs: numerous logs detailing defects and 
operational information 
x Health and Safety: information and procedures to ensure 
the safety of the vessel and ship staff 
x Operational Defects: defects that impact the operational 
capability of the vessel 
x S2022: defect reports 
x Store Rob: information regarding requests for the removal 
of equipment from one vessel to satisfy a stores demand 
for a higher priority vessel 
x UMMS: information related to concessions, preventive and 
corrective maintenance of systems; tasks may be 
categorised as, safety, environmental, operational or non-
operational. 
 
Note: 
During Tasking, the information exploited and its 
associated characteristics will reflect the command aim, 
operational tempo and the vessel’s situation within the 
Tasking “subset”.   For example, if the vessel’s condition is 
such that it only exists within the subset “Float”, the collation, 
analysis and exploitation of information will focus upon the 
immediacy of the vessels stability, trim and ultimately its 
capacity to remain afloat, e.g. HMS Endurance 
16/December/2008 ~ hull valve failure, resulting in a flood of 
approximately 1000m3 per hour [18]. 
 
Upkeep 
x Alterations & Additions: enhancements to vessel’s 
capability, statutory modifications, e.g. navigation lights, 
alterations for operations / Fleet Time Fit, i.e. a vessel may 
be fitted “for, but not with” an equipment / system 
x Contracts & Workspec: contracts and work specifications 
defining the work to be undertaken, including the use of 
“key” contractual words, e.g. Clean, Emergent Work, 
Inspect,… [19] 
x Defects: defects necessitating dockyard support, material / 
stores, specialist test equipment, etc. 
x Engineering Logs: numerous logs detailing defects and 
operational information 
x HPUMA: Habitability Pre-Upkeep Material Assessment 
x Material State Portfolio: report defining the material state 
on completion of upkeep, forms the baseline from which 
the next upkeep work spec. is prepared 
x PUMA: Pre-Upkeep Material Assessment: assessment of 
the material state of the hull and systems, including the 
dynamic assessment of machinery, vibration analysis, 
thermographic survey. 
x PUWSA: Pre-Upkeep Weapon System Assessment: 
assessment of the material state of weapon systems 
x Set to Work: a complex series of trials, e.g. Harbour 
Acceptance Trial, Sea Acceptance Trial, Naval Weapon 
Harbour Test, Naval Weapon Sea Trial 
x UMMS: information related to concessions and ongoing 
maintenance of systems, categorised as, safety, 
environmental, operational and non-operational. 
x Project Reporting: standard project management reporting, 
e.g. Gantt charts, progress reports, financial reporting of 
expenditure, commitments, accrual,… 
 
Regeneration 
x Alterations & Additions: enhancements to system 
capability, statutory modifications,  
x Engineering Logs: numerous logs detailing defects and 
operational information 
x SARC: Safety And Readiness Checks: designed to assist 
the ship to manage the transition from being in dockyard 
hands to joining the operational fleet. This will include 
exhaustive Operational Sea Training, High Seas Firing, etc. 
such that the vessel will increase its “readiness state” and 
thus be “made ready to deploy from their home base or 
current location, appropriately manned, equipped, trained 
and supported”. 
x UMMS: information related to concessions, preventive and 
corrective maintenance of systems; categorised as, safety, 
environmental, operational and non-operational. 
 
Note: 
SARC is the primary task of the Regeneration serial, 
whereby the vessel is brought to full operational capability 
and readiness. 
7. Information Characteristics 
The characteristics of the information detailed above will 
reflect not only the current cyclical mode, e.g. Upkeep, but 
also the urgency of the activity and whether the stakeholder is 
located onboard or ashore, e.g. 
 
Onboard 
x Technical: high technical content, reflecting the 
configuration and operation of the system 
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x Volume: high volume of data, necessitating maintainers 
and managers to “filter” noise 
x Granularity: fine level of data granularity, e.g. logs 
detailing temperature / pressure / vibration… 
x Command aim: direct and immediate, defining the aims 
and operational tempo, e.g. “Approached by two … the 
ships company realised how real the threat is.” [20] 
x Information availability: immediate: not only reflecting the 
command aim but also the proximity of systems and 
operational need 
x Factual v analytical: primarily factual, with a degree of 
onboard analysis  
x Subjective v objective: primarily objective, reporting the 
facts of an event 
 
Ashore 
x Technical: potentially reduced technical content, however, 
may be supported by the Original Equipment 
Manufacturer. 
x Volume: potentially lower volume of data, filtered by ship 
staff and / or IT system 
x Granularity: potentially reduced level of data granularity, 
often summarised. 
x Command aim: removed from the immediate urgency of 
the operational task and threat 
x Information availability: invariably delayed; in the case of 
ballistic nuclear submarines no contact is received from the 
submarine for up to 3 months 
x Factual v analytical: primarily analytical, supported by 
factual information 
x Subjective v objective: a mix of subjective and objective 
information, not only reporting the facts of an event but 
potentially an interpretation of that fact 
 
Stakeholder information requirements with respect to the 
characteristics detailed may be further decomposed into:  
 
 Tasking Onboard & Ashore 
 Upkeep Onboard & Ashore 
 Regeneration Onboard & Ashore 
 
Information may be exploited by merging and fusing the 
multifarious information sources, taking consideration of the 
information characteristics and balancing the subjective and / 
or objective nature of the content. 
“In-Service” information in each of the modes may be 
perceived as a jigsaw image; whereby the individual sources 
correspond to the tiles of a jigsaw (Figure 8), unfortunately, 
some tiles may be missing or even damaged, none-the-less the 
stakeholder must exploit what is available to provide the 
optimum “image” of the vessel, system or plant item. 
Charles Handy reinforces the perception of a “jigsaw”, 
when he writes: 
 
“Information, above all else in life, seems to display the 
essential features of synergy.  The whole is so often more 
meaningful than the sum of individual parts.  An information 
jig-saw, even though all the pieces are separately available, is 
nothing until put together.” [21] 
Figure 8. The jigsaw of “In-Service” information sources 
Note: MIMIC - Vibration monitoring system 
 
Tacit knowledge will assist in interpreting / identifying the 
jigsaw “image” and will potentially compensate where 
confidence is low.  The value of tacit knowledge should not 
be overlooked; since 90% of the knowledge in an organisation 
is considered to be in peoples’ heads [22, 23, 24]. 
8. Discussion and further research 
The volume of information available should not be under-
estimated; thus a significant area of research is identifying the 
key data elements within each cyclical mode that are relevant 
to the stakeholder and indicative of a vessels’ / system 
material state.  The scope of the research will include the 
availability and readiness of the vessel to undertake 
operational tasks. 
Variances in the characteristics between onboard and 
ashore information sources may inhibit the response and 
capability of stakeholders.  However, the research will not 
only highlight the key data elements but their relevance to the 
stakeholder being onboard or ashore. 
Tacit knowledge provides stakeholders with the intellectual 
capacity to exploit multiple information sources for complex 
systems and disregard information when and where 
appropriate, e.g. data anomalies within electronic systems. 
The logic of exploiting information is invariably 
experiential: typically, stakeholders will formulate an 
assessment applying Procedural knowledge (as contained in 
rules and regulations) and Declarative knowledge (as formed 
by problem solving) based upon subjective and objective 
information sources.  
Hence, a further area of research would be the influence of 
knowledge sources upon information exploitation (Figure 9), 
i.e. 
 
 
Figure 9. Information exploitation influences 
Command 
Aim 
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Exploitation 
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sources 
UMMS 
FLUBCON 
OpDef 
Finance reports NDE 
reports 
Trials 
& test 
reports 
MIMIC ME Defect 
log 
WE Defect 
log 
S2022 
Defect Rep 
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9. Conclusion 
The “In-Service” phase of a surface ship includes both 
operation and maintenance; these activities typically cost an 
organisation most of the entire lifecycle costs.  In some cases 
up to 70% of the total cost of ownership of an asset is 
consumed at this stage [25]. 
The exploitation of information within the “In-Service” 
phase may be considered to be a “wicked problem”, e.g. 
 
x Changing “command aim”; resulting in a switch in 
operational focus and tempo 
x Complex system of systems 
x Subjective / objective perspective of information  
x Cyclical mode change, i.e. Tasking, Upkeep and 
Regeneration 
x Numerous information sources 
 
Currently each of the stakeholders are dependent upon 
Suitable Qualified and Experienced Personnel assessing and 
exploiting information, optimising their flexibility and ability 
to learn, however, this is a limited and expensive resource. 
The research indicated above will assist in identifying the 
key data elements which will enable the stakeholders to 
prioritise the collation and exploitation of information within 
the marine surface ship domain. 
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